Ecosystem services provided by community irrigation systems known as 'acequias' include extending the area of green space between such acequias and streams. The traditional gravity flow irrigation methods of these systems remain intact and notably, they enhance vegetative cover and diversity, support wildlife habitat, recharge shallow aquifers, sequester carbon, improve air and water quality, retain storm-water flow, and control flooding. They also provide nutrient cycling and soil formation, ecotourism and environmental education, extension of the irrigation season, and aesthetic enrichment in ecological landscape diversity. We developed a rating system for evaluating the relative extent of ecosystem services provided by acequias through a combination of GIS and field methods to determine riparian health. The rating system evaluated 16 ecosystem services on a scale from 'poor' to 'excellent' for two acequias on the Rio Hondo in Taos County, New Mexico, USA. The evaluation data provide scientific support for the protection of traditional irrigation as an important cultural and ecosystem landscape of value to the broader society, including benefits of rural development, cultural tourism, enhancement of environmental amenities, and local food security of small-scale agriculture.
Introduction
1.1. Background Ecosystem services are defined as 'the aspects of ecosystems utilized (actively or passively) to produce human wellbeing' (Fisher et al. 2009 ). Goods and services provided by properly functioning watersheds include the reduction of flood risk, erosion control, flow regulation, provision of clean water, carbon sequestration, the preservation of biodiversity, and the maintenance of landscape beauty (Leopold 1949; FAO 2006) . In addition to services provided by natural processes, human interventions, such as irrigated agriculture, often alter these functions. Although agricultural diversions reduce natural river flow and the dependent ecosystem services, they support similar and additional ecosystem services on adjacent irrigated floodplains. We focus here on some of the ecosystem services provided by traditional irrigation systems known as 'acequias' in New Mexico, USA (Figure 1 ). We developed a semi-quantitative system to evaluate and compare many of the ecosystem services on two farms irrigated using practices first employed in the early seventeenth century.
Several studies document ecosystem services provided by traditional agricultural systems (Peña 1999; Groenfeldt 2006; Fernald et al. 2007) . Research conducted in Alcalde, New Mexico, demonstrated that the duration of flow may be extended through the recharge of alluvial aquifers. Leakage of the unlined acequias and recharge of alluvial aquifers reduce flood peaks during spring snowmelt, 'increasing river flow during summer and fall low flow periods' (Fernald et al. 2012) . Boykin et al. (2013) are currently involved in a national effort to identify and quantify biodiversity metrics and relate them to traditional irrigation systems.
The increase in the area of water landscapes from traditional agricultural systems has important cultural values, including ecotourism, aesthetic landscape enhancement, and environmental education (included in this research), while also providing local food security of small-scale agriculture through functions such as nutrient cycling, soil formation, and extension of the irrigation season (Rivera 2012) . Other cultural values, such as spiritual enrichment and cognitive development, could be added to future evaluations. While a discussion of broader cultural environmental services is beyond the scope of this research, we recognize the importance of characterizing non-material values (Chan et al. 2012) , such as historical and narrative value in landscapes, or intergenerational agricultural practices.
This research proposes a qualitative rating system for evaluating the relative extent of ecosystem services provided by acequias through a combination of GIS and field methods. The rating system evaluates 16 ecosystem services on a scale from 'poor' to 'excellent'. The intent is to provide scientific support for the protection of traditional irrigation as an important cultural and ecosystem landscape of value to broader society, including benefits of rural development, cultural tourism, enhancement of environmental amenities, and local food security of small-scale agriculture.
Conservation biologists and watershed scientists are learning from the local knowledge of acequia farmers. For example, a field study by Fernald et al. (2007) reports that the earthen acequias perform valuable hydrologic, riparian and agroecosystem functions: seepage from the ditch bed and banks maintain wetted soil profiles that support riparian vegetation habitats for plant and wildlife diversity; the acequias recharge shallow groundwater along the floodplain corridor and affect return flows to the river source as subsurface flows; and flood irrigation is similar to overbank flooding by providing functions that resemble those of meandering and braided channels. Plants and trees that benefit from the ecosystem services of acequias include sedges, rushes and perennial grasses at the ground level, willows and alder and other shrubs at midstory, and boxelders and tall cottonwoods in the overstory. When viewed adjacent to the cropping patterns of fruit trees and irrigated fields of alfalfa and vegetable gardens nearby, the expanded riparian corridor transforms the desert into a landscape for human, livestock and wildlife uses (Fernald et al. 2007 ).
The Rio Hondo watershed in northern New Mexico supplies water to eleven acequia systems, irrigating over 2870 acres of farmland (Sabu et al. 2012 ; Figure 2 ). Analyses of land use indicate that the wetland area has increased more than 10 times with irrigation diversions (Miller 2013) . This study evaluates two acequia systems using the ecosystem services matrix during the 2012 field season, the Greenwood farm near the village of Arroyo Hondo and the Archuleta farm at Desmontes near Arroyo Seco (Table 1) . Both farms were irrigated for more than 100 years. The Archuleta farm is more of a working landscape, with livestock and 8 ha of fields used to harvest alfalfa and pasture grasses during the growing season (F. Archuleta, personal communication, 30 November 2012). The Greenwood farm is smaller (2 ha) and managed primarily for conservation.
The major purpose of this article is to present a methodology that acequia stakeholders, students, and other interested parties can use to evaluate their local systems, and make a case for the ecosystem and cultural services that their ditches provide to the riparian health of the community and other values and amenities important to the broader society.
History of acequias in northern New Mexico
The community-based acequias of the historic Rio Arriba, today known as the upper Rio Grande region of New Mexico and southern Colorado, USA, are the oldest water management institutions in the United States of European origin. These irrigated agrosystems date to the time of settlement in the northern borderlands of New Spain during the late sixteenth century with the first Juan de Oñate colony in 1598. When Spanish officials conducted the first expeditions into the Rio Grande, they realized that the construction of irrigation canals would be critical for the establishment of communities, whether presidios, missions, or civilian settlements. Without the aid of survey instruments or modern tools, the early settlers engineered irrigation works superimposing zanjas or earthen ditches on the desert landscape by collective human labor. Constructed of locally available materials such as forest timbers, brush and rocks at diversion points, these irrigation works defined the landscape and demarked the boundaries for irrigation, extending the riparian zone beyond the narrow confines of the natural channels (Rivera 1998).
The paisaje del agua as an ecological landscape
Acequias were the lifeline of community sustenance that would divert snowmelt water in late spring to grow crops until summer rains later in the season. These watercourses were made from human action, but the fluidity of water followed the contours and topography of the natural landscape, imposing curved trajectories permitting gravity flow to deliver water to irrigable land, often within the confines of narrow canyons and valley floors. This modification produces a diverse paisaje (landscape structure) that extends the riparian zone of the river, creates a microclimate oasis that sustains habitats for plant biodiversity and wildlife native to the region, recharges the aquifer, and returns surplus water to a desagüe (return drain) for reuse by other stakeholders downstream (Peña 1998 (Peña , 1999 Fernald et al. 2007 ).
The acequia watercourse creates a micro-climate that humidifies the landscape, conserves moisture in the soils for use by native and cultivated plants, and makes the arid lands bloom (Lamadrid 2006) . Within the riparian zone, the shaded oases underneath giant cottonwoods attract and nourish thickets of coyote willows along the lines of the bordos (berms) that hold and move the water in the ditch. Along this ditch bank, wild asparagus plants, cirgüelas (native plums) and capulín (chokecherries) flourish, serving as habitats for bird species such as the endangered southwestern willow flycatcher and the more common Total score/number of criteria measured:
3.75
2.69
Overall health rating: Excellent Good juncos. In stark contrast, the sandy dry arroyos above the acequia maintain only the hardiest of desert sagebrush.
Ecosystem services of riparian long lots 2.1. Evaluation
Agrosystems of the Rio Arriba are human artifacts with a 'light footprint' on the environment, and conversely, these landscapes incorporate multiple life zones and ecotones along a series of biological corridors that facilitate the movement of numerous wildlife species (Peña 1999) . These and other ecosystem services provided by the acequia irrigation systems are particularly important to acknowledge when climate change models predict surface water could be reduced by as much as 30% over the next 20 years (Hurd & Coonrod 2008) .
The ribbon-like greenways along the ditch banks, punctuated by flooded acequia fields that run perpendicular, function as a wetland system, and much like a sponge they retain water in the valley bottomlands, control soil erosion, recharge the aquifers, nurture the cottonwood forests and other native vegetation, and shelter wildlife habitats. Along the way, they preserve rural working landscapes of an agrarian people rooted in the land of their ancestors, a connection to place that undergirds economic livelihoods in traditional agriculture, while maintaining social cohesion and cultural heritage values. These irrigation communities have endured for more than four centuries, making the Rio Arriba a homeland to a distinctive human ecology and a land-based Hispanic culture unique in the Americas (Carlson 1990; Nostrand 1992; Rivera 2010) .
With increased demand for water supply driven by sprawl development in the urban centers of the Rio Grande, will the acequia culture survive into future generations when climate change impacts will likely produce additional stressors under conditions of extreme drought as evident in recent years? The answer to this question depends in part on the extent to which the acequia irrigators take action to document the value of the ecosystem services that they provide for the benefit of stakeholders throughout the Rio Grande region (Rivera 2012) .
Several authors suggest criteria for evaluating the health of riparian habitats in the Western United States (Barbour & Stribling 1991; Fleming & Forbes 2006) . Although their criteria are heavily oriented toward stream habitats for fish, indices have been adapted for a wider range of organism classes, including birds (Fleming & Forbes 2006) . A riparian environment that is healthy for fish and birds is considered healthy for a wide range of ecosystems organisms. Table 1 describes 16 ecosystem services indicators, beginning with vegetation criteria necessary to support a healthy wetland habitat.
The 16 categories are not comprehensive, and other criteria will be added as further research identifies other parameters of importance. The categories are not independent of one another, and the degree of overlap should be modified in future research designs. The assumption that each category is of equal importance is a simplifying one that can be remedied by asking a range of stakeholders, from farmers to birders, to assign different weights to parameters of varied importance. For example, bird diversity is an important value for an Audubon group in the Hondo Valley. A criterion could be developed to reflect that while the Hondo watershed has documented more than 40 bird species (Templeton 2012) , an adjacent watershed with less-irrigated acreage and more riparian habitat has documented more than 200 species (Templeton 2011) .
While a scientific basis for the ratings from poor to excellent was one objective of the rating system, some of the numerical divisions between values were arbitrarily chosen. For example, if more than 100 species of plants were found on a site, that site was considered to have an 'excellent' vegetation biodiversity rating. This was based on field surveys of sites considered to be in excellent ecological condition, ranging in vegetation species richness from 70 to 130 species (Peña 1998; Greenwood 2012) .
Vegetation
Ninety percent vegetation cover is considered an adequate cover for erosion control, while less than 50% is considered poor (Fleming 1999; Brooks et al. 2013) . Vegetative diversity refers to the number of different species occurring in the water landscape zone, scored optimum if more than 100 species are identified. The concept of species evenness or relative density of each plant species in the riparian zone could be included in future method refinements. Structural diversity is a measure of small plants (grasses and forbs), shrubs (such as willows), and trees. These height classes enhance the biodiversity for birds, small mammals, and insects (Fleming & Forbes 2006 ). If no introduced species (such as Russian Olive) are present, the rating is excellent.
Water quality
Water quality is a critical issue in Western watersheds, and the riparian survey method evaluates two of the most important indicators in an indirect way: sedimentation and stream channel health. The approximate level of stream channel health is indicated in a general way by the diversity of macroinvertebrate insect families. Data collection by New Mexico Watershed Watch deals with water quality comprehensively through the following monthly determinations: turbidity, temperature, pH, conductivity, nutrients (nitrate and total phosphorus), and metals (copper, zinc, aluminum, and lead) (Fleming 2003) .
Water temperature is a critical parameter for maintaining high-quality cold water fisheries (Brooks et al. 2013) . Shading provided by a vegetative canopy cover is important in reducing summer water temperatures and as a mediating factor in the solar energy available for photosynthetic activity and primary production (Fleming & Forbes 2006) . Diversity of shade conditions is optimal, with different areas of a stream reach receiving direct sunlight, complete shade, and filtered light.
Irrigated landscape and agricultural diversity
Agricultural diversity, percent of green space planted in crops, and the increase in green space with acequia systems are important ecosystem services provided by the paisaje del agua (water landscape; Miller 2013). If food crops, hayfields, and pasture are irrigated in the acequia landscape, agricultural diversity is excellent (Sabu et al. 2012) . If more than 75% of the paisaje is irrigated and the riparian habitat is increased by more than 10 times, agricultural enhancement of ecosystem services is excellent (Miller 2013) .
Bank stability
Upper bank stability is excellent if less than 10% of the banks are vertical and un-vegetated, while more than 50% of bank area in an unstable and eroding condition is rated poor (Fleming & Forbes 2006) . Streams with unstable banks often have degraded in-stream habitat for fish and aquatic insects. The steeper the unvegetated bank, the greater the likelihood for erosion and loss of soil into the stream because steep banks are less likely to hold vegetation cover (Marsh 1998 ).
Aquifer recharge and duration of streamflow
Research in northern New Mexico confirms that unlined acequias contribute significant quantities of recharge to shallow groundwater aquifers (Fernald et al. 2007 ). Typical canal losses range from 16% to 43% of channel flow and percolation rates as a percentage of applied irrigation water range from 23% to over 60%. The authors note that this water serves as groundwater storage and unlike surface water evaporation losses during the summer, allows return flow to streams later in the season.
The duration of flow may be extended through the recharge of alluvial aquifers. Leakage of the unlined acequias and recharge of alluvial aquifers reduce flood peaks during spring snowmelt, 'increasing river flow during summer and fall low flow periods' (Fernald et al. 2012) . Groundwater recharge provided up to 20% of September river flow to an irrigation system in Washington (Wissmar 2004 ).
Wildlife diversity
Important indicators of the long-term health of a watershed are abundance and diversity of species of aquatic macroinvertebrates (Fleming & Forbes 2006) . Insects remain in streams during transitory periods of floods, drought, periods of turbidity or heavy metal inflow. Benthic insects are affected by chemical pollution and physical changes such as temperature, pH, discharge, and sediment resulting from upstream land use activities. The presence or absence, as well as the relative numbers, of species less tolerant to watershed disturbances are important indicators of riparian health. Stoneflies, mayflies, and caddisflies are generally the orders of insects most sensitive to human impacts (Fleming 2003) and their absence indicates phosphorus or nitrogen in higher than natural concentrations. Insect surveys of the Rio Hondo rated insect diversity in an excellent category, finding that stoneflies, caddisflies, and mayflies comprised 72% of the insects, while less than 10% of the insects were midges and leeches (Busch et al. 2011 ).
2.8. Aesthetic landscape enhancement, ecotourism and environmental education Many aesthetic enhancements result from traditional irrigation systems in New Mexico. The diversity of vegetation and wildlife resulting from the wetland habitat of the paisaje are important recreation assets. Environmental education is also an important value in programs such as New Mexico Watershed Watch (Fleming 2003) . The rural environment sustained by acequia agricultural practices offers abundant opportunities for urban dwellers and tourism groups to experience a way of life and vernacular architecture that is distinct to the Hispanic village culture of the upper Rio Grande region.
Results and discussion
We rated the Greenwood farm 'excellent' (score of 3.75) and the Archuleta farm 'good' (score of 2.69; Table 1 ). The disparity in the overall health rating between the two acequia systems results from a combination of differences in land use, location in the watershed, and choices made by acequia users. The Greenwood farm is located lower in the watershed just below the mouth of a canyon. The Archuleta farm is at a higher elevation in a much flatter area with greater agricultural use.
The Archuleta farm's lower rating of 'good' relative to the Greenwood farm is primarily because the acequia is partially lined, inhibiting riparian vegetation and aquifer recharge. Furthermore, the topography and land use differences contributed to less plant diversity on the Archuleta farm. The Greenwood farm had more tree species, whereas the Archuleta acequia had a thick growth of willows along its banks and was bordered on all sides by residential units and agricultural fields. Both farms had buffer zones of vegetation along acequias and natural stream channels, providing critical habitat for filtering sediment and nutrients. Plants that benefit from the ecosystem services of acequias include sedges, rushes, perennial grasses, willows, alder and other shrubs, as well as cottonwoods providing shade to cool the landscape.
Located higher in the watershed, the Archuleta farm is more susceptible to the negative effects of adjacent land uses. This initial assessment could be used a guide for future improvements to the Archuleta acequia system and for advocacy. One possible area of improvement is in developing walking trails and ecotourism activities. Mr. Archuleta expressed an interest in developing walking trails along the banks of his acequia and owns an art gallery on site (F. Archuleta, personal communication, 30 November 2012) . He noted a waning interest in acequias and agriculture in his community. This is a driving factor affecting the acequia's ability to deliver ecosystem services. However, it does not compromise the acequia's ability to deliver greater ecosystem services with improvements.
The research is a step toward improving the methodology for evaluating the ecosystem services of traditional agricultural systems. While a more systematic and comprehensive approach is needed, this research shows that differences in the services provided by alternatively managed landscapes are significant and semi-quantifiable. The assumption that each of 16 criteria has equal value needs to be modified with a weighting system using input from local stakeholders. The categories are not independent of one another and the degree of overlap should be modified in future research designs. Studies of other acequia systems in northern New Mexico found that more that 30% of diverted water recharges the shallow aquifer between the acequia and the river (Fernald et al. 2010; Sabu et al. 2012) . Agricultural diversity is evidenced by food crops, pasture, orchards and hayfields, with more than 90% of the agricultural landscape irrigated by the acequia system.
Conclusions
We tested a rating system with 16 indicators for evaluating the relative extent of ecosystem services on two farms in the Rio Hondo watershed in northern New Mexico. Results highlighted the importance of maintaining traditional acequia practices (unlined ditches) and that the ecosystem services provided are proportional to the interest in acequia fed agriculture and the availability of surface water. These results indicate that acequia systems are critical for maintaining healthy riparian ecosystems, an outcome that should be of importance not just to local stakeholders but also resource managers, conservationists, water planners and policy-makers. A modified set of criteria could be used for urban riparian parks and for agricultural systems with different cropping patterns and wildlife assemblages. The method offers a framework, with appropriate modification, for systems with different cultural, landscape, agricultural, and hydrologic characteristics.
Evidence comparing ecosystem services from natural riparian and floodplain sites with irrigated agriculture sites in northern New Mexico is not presented here. No attempt is made to argue that these sites provide more ecosystem services than natural systems. We present data showing that the area of green space can be as much as 10 times larger, but no evidence for a different set of ecosystem services. Future research is needed to quantify ecosystem services provided by traditional irrigation systems with a more systematic methodology.
Climate change scenarios predicting as much as 30% less streamflow are not the only factors of concern for the future of New Mexico's acequias (Hurd & Coonrod 2008) . Increased populations place additional pressures on acequias as water is gradually transferred from agricultural uses to domestic and industrial uses in the urban centers downstream of these acequias. It is important to account for an array of ecosystem services that may be lost when water is transferred out of an acequia system.
This study provides a survey mechanism for evaluating the ecosystem services of community acequias, as well as monitoring the loss or gain of these services over time.
Results from evaluations provide scientific support for the protection of the paisaje del agua as an important cultural and ecosystem landscape of value to the broader society, including rural development, cultural tourism, environmental amenities, local food security of small-scale agriculture, and other benefits. Support from policy-makers is an important component, but the ultimate challenge is for acequia farmers to add value to their historic uses of water, not only as cultural heritage resources, but also as rural working landscapes that diversify food production for urban and regional consumers, enhance economic livelihoods for rural producers, and sustain the health and welfare of communities.
